, formed by the aggregated states of the cytosolic proteins Sup35, Rnq1, and Ure2, respectively (1). Sup35 is a translation termination factor; Ure2 is a regulator that acts to repress transcription of a set of genes involved in nitrogen catabolism; the function of Rnq1 is unknown. Prion proteins can form different conformational states resulting in prion strains having different heritable traits. For propagation in the cell population, physical transmission of the prion template, often referred to as the propagon or seed, is required to allow conversion of newly synthesized protein to the prion conformation (2).
Y
east prions are non-Mendelian inherited elements capable of forming self-perpetuating conformations (1) . Of the several prions identified in Saccharomyces cerevisiae, 3 (1) . Sup35 is a translation termination factor; Ure2 is a regulator that acts to repress transcription of a set of genes involved in nitrogen catabolism; the function of Rnq1 is unknown. Prion proteins can form different conformational states resulting in prion strains having different heritable traits. For propagation in the cell population, physical transmission of the prion template, often referred to as the propagon or seed, is required to allow conversion of newly synthesized protein to the prion conformation (2) .
Somewhat paradoxically, the propagation of yeast prions appears to be inexorably reliant on the function of molecular chaperones, proteins that normally function to prevent protein misfolding (2) . Two chaperone systems have been linked to prion propagation: the hexameric AAAϩ ATPase Hsp104 and the J-protein (Hsp40):Hsp70 chaperone machinery, with its associated nucleotide exchange factors (3) . Hsp104, like its ortholog ClpB, functions in protein remodeling by threading partially folded proteins through its central pore and is stringently required for the propagation of all identified yeast prions (1, 4, 5) .
Hsp70s function with their obligate cochaperones, J-proteins, which act to stimulate Hsp70 ATPase activity and stabilize their interaction with client proteins (6) . Although J-proteins are very diverse in sequence and structure, they possess a highly conserved J-domain that is responsible for the stimulation of the ATPase activity of Hsp70s. One cytosolic J-protein, Sis1, is required for propagation of [RNQ ϩ ] (7). In addition, multiple individual amino acid substitutions in the cytosolic Hsp70s Ssa1/2 that impair propagation of [ propagation implies an involvement of an unidentified J-protein as well.
The currently favored model for prion propagation posits chaperone-mediated fragmentation of prion complexes to produce sufficient prion seeds to assure consistent transmission of seeds to daughter cells, thus maintaining the prion in the cell population (2, (10) (11) (12) (13) (14) . Supporting this model, inhibition of Hsp104 activity results in an increase in the size of Sup35 and Rnq1 prion complexes and subsequent prion loss, which has been shown in the case of [PSI ϩ ] to be dependent on cell division (10, 11, 15, 16) . Additional support for this idea comes from reports of fragmentation of prion fibers in vitro by Hsp104 (17) and the apparent decrease in the number of [PSI ϩ ] prion seeds in cells expressing a dominant mutation in the Hsp70 SSA1 gene (8) . An increase in the size of Rnq1 polymers, followed by [RNQ ϩ ] loss, also occurs upon depletion of Sis1, a partner of Ssa1 (15) . Together these data suggest cooperation between the 2 chaperone systems. Such cooperation has precedent, as Hsp104 is known to function in disaggregation of amorphous protein aggregates in conjunction with J-protein:Hsp70 chaperone machinery, with J-protein/Hsp70 and Hsp104 machineries acting sequentially (4) .
The yeast cytosol contains 13 J-proteins, 12 of which are thought to function with the Ssa class of Hsp70s (6) . To better understand the contribution of J-proteins in prion maintenance, we set out to answer two questions: (i) whether any J-proteins other than Sis1 are required for [RNQ ϩ ] maintenance; and (ii) if Sis1, or any other J-protein, is required for propagation of [PSI ϩ ] and [URE3]. We found Sis1 to be unique among the cytosolic J-proteins, as no other J-protein was needed for [RNQ ϩ ] propagation. Sis1 is required for maintenance of both [PSI ϩ ] and [URE3] as well. However, the rates of prion loss upon Sis1 depletion differed among the 3 prions, indicating a similar, but not identical, requirement for molecular chaperone activity.
Results

Sis1 Is the Only Cytosolic J-Protein Required for [RNQ
The J-protein Sis1 is required for [RNQ ϩ ] maintenance, yet 12 others reside in the cytosol of S. cerevisiae. To determine whether J-proteins other than Sis1 are required for [RNQ ϩ ], we tested a set of strains, each carrying a deletion of 1 of the genes encoding cytosolic J-proteins, which we previously constructed from a [RNQ ϩ ] parent (18) . Before assessing the ability of these deletion strains to maintain [RNQ ϩ ], each was serially passaged 10 to 12 times on rich media (Ϸ70-90 generations). Cell extracts were then prepared and analyzed using semidenaturing detergent agarose gel electrophoresis (SDD-AGE), which is able to resolve prion complexes (15) . All strains remained [RNQ ϩ ], as indicated by the presence of high molecular weight aggregates in all strains (Fig. 1A) (Fig. 1B) and by detection of aggregates in semidenaturing agarose gels [supporting information (SI) Fig. S1 ]. In each case, [PSI ϩ ] was maintained. Sis1 is an essential J-protein; therefore, we used a system that had SIS1 under the control of the tet R promoter (TETr), which allows repression of Sis1 synthesis upon addition of the drug doxycycline (15 To test this idea further, we made use of a Sis1 mutant protein, Sis1-⌬G/F, which lacks the 51-aa glycine/phenylalanine-rich region (residues 71-121) adjacent to the J-domain. Sis1-⌬G/F supports cell viability but cannot maintain [RNQ ϩ ] (7). [PSI ϩ ] strains that have a chromosomal deletion of SIS1 but express Sis1-⌬G/F from a low-copy plasmid were obtained and passaged on solid media for 3 weeks. [PSI ϩ ] was maintained, as indicated both by the light pink colony color (Fig. 3A) and by the presence of large aggregates in cell lysates (Fig. 3B, first and fourth lanes) .
The ability of Sis1-⌬G/F to support [PSI ϩ ], together with the differences in curing rates, is consistent with the idea that Sis1 is more stringently required by [RNQ ϩ ] than by [PSI ϩ ]. However, we also considered whether the particular conformational state, rather than the primary sequence of the prion protein, was responsible for the difference observed. To address this issue, we made use of the 2 defined [PSI ϩ ] strains, Sc4 (strong) and Sc37 (weak), which were generated by transformation of Sup35 fibers formed at 4°C and 37°C, respectively (21) . Both the Sc4 and Sc37 [PSI ϩ ] strains were cured by Sis1 depletion (data not shown). Additionally, both were maintained in sis1-⌬G/F cells through many generations of growth (Fig. 3B) (15) . We conclude that the kinetics of loss of the 2 prions are very similar when Hsp104 is inhibited, but not when Sis1 is depleted.
In considering the loss of [PSI ϩ ] upon Sis1 depletion, we noted two things: (i) the lag time before prion loss becomes detectable was considerably longer than observed for Hsp104 inhibition, and (ii) once loss became detectable, it proceeded slowly over approximately 30 generations. These kinetics were surprising, as the ''propagon/seed model'' of prion loss posits that, upon complete inhibition of new seed formation, the prion is retained at high levels in the population until the number of seeds are reduced by dilution; however, at this time, loss occurs very rapidly, with the length of the lag being dependent upon the number of seeds present before inhibition (11, 13, 22 (Fig.  3C, dashed line) , whereas the loss of [PSI ϩ ] upon Sis1 depletion is not. Increasing the number of seeds to account for the increased lag time resulted in unreasonable seed numbers (10 14 seeds/cell) and still failed to fit the data (Fig. 3C, dotted line) . We reasoned that relaxing the assumption of complete inhibition might improve the fit (see Materials and Methods for details). The seed number was held constant at 265 seeds/cell-the number calculated from the results obtained when Hsp104 is inhibitedwhile the efficiency of fragmentation per generation was allowed to vary between 0% and 100%. An excellent fit (R 2 Ͼ 0.99) was obtained when, on average, 77% of seeds (as opposed to 0%) were fragmented once per generation over the course of the experiment (Fig. 3C, solid line) (Fig. 4A ). This number is consistent with the previously reported value of Ϸ20 seeds/cell, a number obtained by inhibition of Hsp104 upon addition of GdnHCl (26 Because we did not detect an essential role for Ydj1 in the maintenance of [URE3], we wanted to examine more closely the effects of Ydj1 overexpression. First, we confirmed the loss of [URE3] in our system by overexpressing Ydj1 from the strong glucose-6-phosphate dehydrogenase (GPD) promoter (Fig. 4B ). Second, we tested the effect on [URE3] propagation of GPD promoter driven expression of 8 other J-proteins (Apj1, Cwc23, Jjj1, Jjj2, Jjj3, Sis1, Swa2, and Zuo1). None of these constructs affected [URE3] stability. We also tested the effect of these constructs, as well as the YDJ1 construct, on the propagation of propagation or was misleading because other J-proteins were either not expressed at sufficiently high levels or were sequestered in the cytosol such that they could not interact with prion complexes. To differentiate among these possibilities, we first asked if a functional J-domain of Ydj1 was required for the effect. We made use of an alteration in the highly conserved HPD motif, His 34 3Gln, which renders the J-domain of Ydj1 nonfunctional in vivo and incompetent for Hsp70 stimulation (28) . Overexpression of the Ydj1 H34Q variant did not result in [URE3] curing (Fig. 4B) , indicating a requirement for a functional J-domain and thus an interaction with Hsp70. Next we asked if other regions of Ydj1 are required for destabilization of [URE3] . The N-terminal 134-aa fragment containing only the J-domain and adjacent G/F region, but lacking the client peptide binding and dimerization domains (Ydj1 1-134 ) , was tested. Destabilization of [URE3] was observed (data not shown). Finally, we asked if the overexpression of a J-domain from another protein was sufficient. We tested a small, 128-aa fragment of the J-protein Jjj1 (Jjj1 ), which has only the J-domain in common with Ydj1, along with its corresponding inactive HPD motif mutant Jjj1 1-128/H32Q (18) . Overexpression of Jjj1 1-128 , but not Jjj1 1-128/H32Q , destabilized [URE3] (Fig. 4B) , even though the full-length protein, which associates with the pre60S ribosomal subunits in the cytosol, did not (data not shown). We conclude that the effect of Ydj1 overexpression is not specific to Ydj1 itself, but rather results from the more generic effect of higher levels of a J-domain. However, when either of the J-domain fragments Ydj1 or Jjj1 were overexpressed in a [RNQ ϩ ] or [PSI ϩ ] strain, no disruption in the maintenance of either prion was observed; thus, these results reveal another difference in chaperone sensitivity among these 3 prions. . Most surprising to us was the failure to detect a specific role in prion maintenance for the most abundant J-protein of the cytosol, Ydj1, which is known to be involved in many cellular processes (6). Ydj1 has also been shown to bind Ure2 in vitro (29) , and its overexpression affects the stability of [URE3] and some [RNQ ϩ ] variants (27, 30) . However, the results reported here demonstrate that overexpression of a small, functional J-domain-containing fragment from Ydj1, or from another J-protein having no sequence similarity with Ydj1 besides the J-domain, is sufficient to destabilize [URE3]. Thus, the effect is not specific for Ydj1 and may be a result of competition for Hsp70 by the overexpressed J-domain, or of increased stimulation of the ATPase activity of Hsp70. A similar effect was not observed for [RNQ ϩ ] or [PSI ϩ ] upon overexpression of any J-protein or J-domain construct, however, indicating that [URE3] is considerably more sensitive to the alterations in chaperone activity that result from excessive J-domain expression.
Discussion
The requirement for Sis1 for propagation of 3 prions points to a common molecular mechanism for prion propagation. In addition, both Sup35 and Rnq1 polymers increased in size upon (jjj1 1-128 ) ; jjj1 fragment with mutation altering the Jdomain (jjj1 1-128/H32Q ).
depletion of Sis1 (15) . Similarly, an increase in size of polymers is found upon inhibition of Hsp104 (15, 16) . Together, these data support the idea that Sis1 acts as the specific J-protein partner of Ssa and collaborates with Hsp104 in fragmentation of prion complexes, generating the seeds necessary for propagation. The idea that Sis1:Ssa functions before action of Hsp104 is supported by several observations. First, both Sis1 and Ssa (but not Hsp104) are stably associated with prion aggregates (7, 31) . Second, in both the bacterial and eukaryotic systems, the J-protein:Hsp70 system functions before the AAAϩ ATPase ClpB or Hsp104 in dissolution of non-prion amorphous protein aggregates (4, 14) . Third, [PSI ϩ ] propagation requires transfer of the Sup35 protein through the central pore of Hsp104, as is required for dissolution of amorphous aggregates by both ClpB and Hsp104 (4, 14) . are all capable of assuming a similar amyloid structure, and thus sequence-rooted variations of this core structure may be responsible. Alternatively, non-prion-forming domains may either facilitate or obviate chaperone interactions with aggregates through direct interaction or steric hindrance. Thus, further analysis is needed to reveal the factors underlying the disparate chaperone requirements among yeast prions reported here.
Stringency of the Requirements for Chaperone Function in [PSI
In sum, we have demonstrated a specific requirement for the J-protein Sis1 in the maintenance of 3 yeast prions, and we think it is likely that it is required for all yeast prions. Although the chaperone machinery that maintains all yeast prions may be shared, the amount of activity may vary, resulting in unequal stringency of the requirement, as reported here for Sis1. Plasmids. The plasmid bearing TETrSIS1 was described previously (15) . Hsp104 plasmids pJ309 and pD816 (20) , have HSP104 and hsp104-T160M, respectively, under the native promoter. Unless otherwise indicated, all others used in this study were based on the pRS plasmid series (36) . J-protein overexpression 2-plasmids bearing either full-length or J-domain-containing fragments under the GPD promoter were previously described (18) . The plasmids [TRP1-YDJ1] and [TRP1-ydj1-H32Q] were created by first cloning a genomic copy of YDJ1 into the CEN-based plasmid pRS414-GPD and then introducing the H 34 3 Q mutation by site-directed mutagenesis.
Materials and Methods
Biochemical Analysis of Prion Particle Size. SDD-AGE was performed as described elsewhere (15, 37) with modifications. Aliquots of pre-cleared lysates were incubated in non-reducing sample buffer for 7 min at 25°C, and resolved in a 1.5% Tris-glycine (0.1% SDS) agarose gel (SeaKem Gold PFGE agarose). Protein was transferred to a nitrocellulose membrane at 1A for 1 h at 25°C in a Tris-glycine/methanol buffer and probed with antibodies specific for Rnq1 or Sup35. The centrifugation assay was performed essentially as described previously (15) . Pre-cleared lysates were centrifuged at 80,000 rpm (Beckman rotor TLA120.1) for 30 min. Supernatant and pellet fractions were isolated and resolved by standard SDS/PAGE and immunoblot analysis. (15) with some modifications. Cell cultures were maintained in exponential growth phase by continual subculturing in the presence of either 5 g/ml doxycycline (Sigma) or 3 mM GdnHCl when indicated. [PSI ϩ ] curing experiments used either rich or synthetic glucose-based media when necessary to maintain non-essential plasmids with auxotrophic markers. Sis1-depleted cells remained viable for at least 120 generations and typically doubled approximately every 2.5 h. Potential growth advantages resulting from differential adenine production in these strains were minimized in cultures by supplementing rich media with additional adenine (40 mg/L).
[URE3] curing experiments used proline-based synthetic media lacking ammonia to avoid counter-selection against [URE3], which can occur on rich media as a result of the inability of these cells to suppress the uptake of poor nitrogen sources (25) .
Cytoduction assays were conducted as previously described using a [psi Ϫ ] recipient strain (15) ; the presence of [PSI ϩ ] in resulting cytoductants was determined by SDD-AGE. Yeast lysate transformations were carried out by cotransforming spheroplasts of [psi Ϫ ] cells with cell extracts of the test strain containing equivalent amounts of total protein, and a URA3-containing plasmid (38) 
